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Introduction {#sec1}
============

Alzheimer's disease (AD) is the most common form of dementia and accounts for 60--80% of the cases. In the United States, AD is the sixth leading cause of death and predicted to grow with the increasing life expectancy.^[@ref1]^ Prevailing evidence suggests that amyloid β (Aβ) peptides are cytotoxic to cells and play a role in the pathogenesis of AD.^[@ref2]^ Aβ-induced neuronal degeneration is most likely preceded by dysregulation of cellular ionic homeostasis, especially \[Ca^2+^\].^[@ref3]^ Loss of cellular ionic homeostasis could occur via several mechanisms, including Aβ-specific membrane receptors and amyloid-specific membrane channels.^[@ref4],[@ref5]^ Arispe et al.^[@ref6]^ reported the Aβ-induced nongated ion channels in model membranes that showed cation selectivity and could be inhibited by Tris (tromethamine) and zinc.^[@ref7]^ These results prompted the amyloid channel hypothesis where Aβ directly forms channels toxic to neurons when sufficient peptide is available.^[@ref8],[@ref9]^

Aβ channels are characterized by heterogeneous conductances, suggesting a dynamic conformation of the pore structures. Recently, similar conclusions were obtained for Aβ~1--42~ by the single-channel Ca^2+^ imaging technique.^[@ref10]^ Figure [1](#fig1){ref-type="fig"} shows an example where various size steps, bursts, and spikes are apparent.^[@ref11]^ Channel conductances ranging from 10 pS to 2 nS have been reported.^[@ref9]^ Channel-like structures embedded in membranes with mostly tetramer to hexamer arrangements have been observed by atomic force microscopy (AFM).^[@ref12],[@ref13]^ Molecular dynamics (MD) simulations based on solid state nuclear magnetic resonance (ssNMR) based structures also indicated channel structures,^[@ref14]−[@ref16]^ fitting well the dimensions and subunit arrangements observed in AFM^[@ref12],[@ref13]^ and electron microscopy (EM)^[@ref17]^ experiments. Furthermore, simulations suggested that subunits (defined as oligomers with 2--5 monomers embedded in the bilayer) are mobile and form heterogeneous structures. This dynamic behavior could explain the typical heterogeneous conductances of amyloid channels.^[@ref9],[@ref18]^

![Current vs time trace showing Aβ~1--42~ has pore-forming activity in artificial bilayers. Aβ~1--42~ activity is characterized by heterogeneous conductances and exhibits channel-like steps, spikes, and bursts. Final Aβ~1--42~ concentration was 9 μM. The 20 min trace was held to an applied potential of −50 mV. Predominant steps on the trace have conductances of 140, 81, 91, and 127 pS. Bilayer was prepared by the painted technique from a 1:1 (w/w) lipid mixture of DOPS/POPE. Both sides of the bilayer chamber contained as electrolyte 150 mM KCl, 1 mM MgCl~2~, and 10 mM Hepes pH 7.4. [l]{.smallcaps}-Aβ was added to the cis side. The trans side of the chamber was virtual ground. This trace was subjected to low-pass Gaussian filtering set at 50 Hz.](ct-2011-00885r_0001){#fig1}

In order to elucidate the direct vs indirect mechanism of Aβ-mediated toxicity, it is important to distinguish a receptor-mediated from a nonreceptor-mediated (ion channel) pathway. We reasoned that using Aβ peptides whose sequence consists entirely of true mirror image [d]{.smallcaps}-amino acids ([d]{.smallcaps}-Aβ) we may discern the relative contributions to toxicity by ligand-specific receptors vs channel formation; putative cellular receptors will not bind the [d]{.smallcaps}-Aβ because of a lack of conformational fitting; however, [d]{.smallcaps}-Aβ should be able to form pores and bind to nonstereo-specific targets (e.g., electrostatically to negative lipid headgroups and hydrophobic interactions with lipid tails).

Here we show that the [d]{.smallcaps}-Aβ peptide forms channels that retain the properties known for [l]{.smallcaps}-amino acids Aβ ([l]{.smallcaps}-Aβ) channels, including heterogeneous conductances and blockage by Zn^2+^. Furthermore, to understand the chiral molecular details we modeled the [d]{.smallcaps}- and [l]{.smallcaps}-Aβ barrels in the anionic lipid bilayer using atomistic MD simulations. The models support and expand the experimental observations. Both isomeric Aβs form β-barrel-like ion-permeable channels in an anionic lipid bilayer.^[@ref19]^ The dynamic channel assembly in the fluid lipid bilayer suggests an explanation for the heterogeneous conductances observed for both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ channel-like structures. MD simulations show that for both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ barrels the calculated values of the conductance for cations in the solvated pores are approximately in the range of the experimental values.

Materials and Methods {#sec2}
=====================

Materials {#sec2.1}
---------

We purchased all [l]{.smallcaps}-amino acids Aβ~1--42~ and their true mirror images, all [d]{.smallcaps}-amino acids Aβ~1--42~, from Bachem and the following lipids from Avanti Polar Lipids: 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphoethanolamine (POPE), 1,2-dioleoyl-*sn*-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-*sn*-glycero-3-phosphoserine (DOPS). All other chemicals were purchased from Sigma--Aldrich. For all experiments both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ peptides were dissolved in water to 0.5 or 1 mM stock concentration, aliquoted, and kept frozen at −80 °C. Samples were thawed only once.

Planar Lipid Bilayers {#sec2.2}
---------------------

We prepared planar lipid bilayers (PLB) either by the so-called "folding technique",^[@ref20],[@ref21]^ by apposition of lipid monolayers over a pore (diameter ≈ 120 μm) in a Teflon film, or by the so-called "painting technique",^[@ref22],[@ref23]^ which applied lipids dissolved in heptane over a pore with a diameter of ∼250 μm in a Delrin septum. For the folded bilayers we pretreated the Teflon film with 5% (v/v) hexadecane dissolved in pentane and then formed bilayers using 5 μL from a 20 mg/mL 1:1 (w/w) mixture of DOPS and DOPE solution dissolved in pentane. For the painted bilayers, we used a bilayer cup (Warner Instruments, Delrin perfusion cup, volume 1 mL) and a 1:1 (w/w) mixture of lipids DOPS/POPE dissolved in heptane or hexane. The lipid concentrations were 20 mg/mL. The electrolyte contained either 50 or 150 mM KCl and 1 mM MgCl~2~ buffered with 10 mM HEPES pH 7.4 or MES pH 6.4. In order to promote fusion of Aβ proteoliposomes into painted bilayers, we used a KCl gradient formed by adding to the cis side (the side of proteoliposome addition) KCl to 350 mM and leaving the trans side with 150 mM KCl. For these experiments, we prepared proteoliposomes using DOPS or POPS containing Aβ as described previously.^[@ref6]^

We performed all recordings using custom-made software with either a BC-535 or a EPC-7 amplifier and Ag/AgCl electrodes directly into the electrolyte or (for reversal potential experiments) with 1% agarose (ultra-high purity) agar salt bridges containing 1 M KCl. We used amplifiers with an inbuilt filter cutoff frequency of 2 (BC-535) or 3 kHz (EPC-7) and a sampling frequency of 15 kHz for all bilayer recordings. For representation in figures, we filtered the current versus time traces with a digital Gaussian low-pass filter with a cutoff frequency of 50 or 100 Hz. A positive potential indicates a higher potential in the cis side of the PLB chamber; hence, a positive current moves cations from the cis to the trans side. The trans side of the PLB chamber was grounded.

Before adding Aβ, we verified that both painted and folded bilayers were stable for several minutes and that capacitance was above 120 or 70 pF, respectively. When both criteria were fulfilled, we added Aβ~1--42~ to the cis side either directly or via Aβ-liposome fusion and stirred for 3--5 min every 15 min. The final Aβ~1--42~ concentration in the bilayer chamber was between 0.5 and 18 μM, with generally lower concentrations needed when using Aβ-liposomes. Bilayer stability was monitored by periodical capacitance measurements during the course of experiments. Experiments with painted bilayers were terminated 90--120 min after peptide addition, regardless of whether or not channel activity was present. This was done because the stability of bilayer-only experiments showed that DOPS/POPE-painted membranes are generally stable for ∼90 min while folded DOPS/DOPE experiments exceeded 4 h.

Reversal potential (*V*~rev~) experiments were carried out in painted bilayers made with DOPS/POPE phospholipids. Bilayers were formed using as electrolyte a solution containing 50 mM KCl, 1 mM MgCl~2~, and 10 mM Hepes pH 7.4 on both sides of the PLB chamber (symmetric solutions). After verifying the bilayers stability, 4.5 μM [d]{.smallcaps}- or [l]{.smallcaps}-Aβ~1--42~ dissolved in water was added to the cis side (hot wire) and an equal volume of water to maintain electrolyte symmetry was added to the trans side, which is the virtual ground. Once Aβ activity was established a current (*I*) vs voltage (*V*) plot (*IV* plot) is taken. We next made asymmetric the concentration of KCl across the two PLB compartments. Specifically, a 1:10 KCl gradient is established by adding a small volume of a concentrated KCl solution to achieve 500 mM in the cis (hot wire) side. An equal volume of 50 mM KCl is added to the trans side. Complete mixing to establish the KCl gradient is essential. Cation selectivity is expected to produce an upward drift in current at zero voltage. To determine the reversal potential (or *V*~rev~, defined as the electrical potential giving zero current) a negative voltage is required. The PLB setup was also verified using the potassium-selective valinomycin.

Atomistic Molecular Dynamics Simulations {#sec2.3}
----------------------------------------

[d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ barrels embedded in an anionic lipid bilayer containing DOPS and POPE were simulated using explicit all-atom lipid simulations. The CHARMM program^[@ref24]^ using the revised CHARMM27 (C27r) force field for lipids^[@ref25]^ and the modified TIP3P water model^[@ref26]^ were used to construct the set of starting points and to relax the systems to a production-ready stage. For production runs, the NAMD code^[@ref27]^ on a Biowulf cluster (<http://biowulf.nih.gov>) at the NIH was used for the starting point with the same CHARMM27 force field.

The standard CHARMM force field is primarily designed for [l]{.smallcaps}-amino acids. To simulate [d]{.smallcaps}-amino acids, we need a protein force field for asymmetric isomers. [d]{.smallcaps}-Amino acid is a mirror image of the [l]{.smallcaps}-amino acid; thus, except for their backbone chirality they are identical. Because the [l]{.smallcaps}- and [d]{.smallcaps}-isomers have the same backbone bonding and angles, in the simulations we adapted the standard [l]{.smallcaps}-amino acid parameters to [d]{.smallcaps}-amino acids. However, the parameters include the dihedral angle cross-term map (CMAP) correction,^[@ref28]^ which was created for only [l]{.smallcaps}-amino acids, and cannot be directly applied to [d]{.smallcaps}-amino acids. Thus, in our simulation we used a mirror-image CMAP term for [d]{.smallcaps}-amino acids by reflecting the phi--psi CMAP matrix.^[@ref19]^

Two U-shaped monomer conformations of Aβ, Aβ~1--42~ as defined in the fibril structure based on hydrogen/deuterium-exchange NMR data, side-chain packing constraints from pairwise mutagenesis, ssNMR and EM (PDB code [2BEG](2BEG)),^[@ref29]^ and Aβ~1--40~ based on the ssNMR model of small protofibrils^[@ref30]^ were used to construct Aβ barrels. However, the N-terminal coordinates of both conformers are missing due to disorder. We used the Aβ~1--16~ coordinates in the absence of Zn^2+^ (PDB code [1ZE7](1ZE7))^[@ref31]^ for the missing portions of the peptides. For each combination of the N-terminal structure with the U-shaped motifs two Aβ~1--42~ conformers were generated ([Supporting Information](#notes-2), Figure S1A). Conformer 1 has a turn at Ser26-Ile31 and conformer 2 at Asp23-Gly29. In the latter conformer two C-terminal residues, Ile41 and Ala42, were added to create Aβ~1--42~. The coordinates of [d]{.smallcaps}-Aβ~1--42~ are mirror images of [l]{.smallcaps}-Aβ~1--42~ and can be obtained by reflecting the coordinates with respect to the reference plane. The Ramachandran plot for [d]{.smallcaps}-Aβ~1--42~ clearly indicates asymmetric dihedral distributions compared to [l]{.smallcaps}-Aβ~1--42~ ([Supporting Information](#notes-2), Figure S1B). The [d]{.smallcaps}-Aβ~1--42~ conformers still retain the U-shaped β-strand-turn-β-strand motif as the [l]{.smallcaps}-Aβ~1--42~ conformers, regardless of their isomeric forms. To construct the β-barrel structure, these Aβ conformers were inclined ∼37° relative to the pore axis^[@ref32]^ and then rotated 18 times with respect to the pore axis creating Aβ barrels ([Supporting Information](#notes-2), Figure S1C and S1D).^[@ref19]^ We modeled 18-mer Aβ barrels, that is, 18 β-strands enclosing the solvated pore. This number is within the range of the 8--22 β-strands observed for biological β-barrels.^[@ref33],[@ref34]^ Further, previously we simulated Aβ channels with different sizes (12--36 β-strands) and compared the obtained morphologies and outer channel and pore dimensions with those measured by AFM.^[@ref16],[@ref32],[@ref35]^ We observed that the preferred size range of Aβ channels is 16--24 β-strands. We further observed that this range holds for other toxic β-sheet channels; the K3 fragment of β~2~-microglobulin forms channels with 24 β-strands,^[@ref36]^ and PG-1 channels with 16--20 β-strands.^[@ref23],[@ref37]^ In both of these K3 and PG-1 cases we also compared our simulations with our AFM measurements; in both it is expected that given the heterogeneous landscape of amyloids, variable channel sizes within this range can form.

A unit cell containing two layers of lipids was constructed. In the middle of the unit cell lipid molecules were randomly selected from the library of the pre-equilibrated state and replaced by pseudo-vdW spheres at the positions of the lipid headgroups, constituting the lipid bilayer topology.^[@ref38],[@ref39]^ For DOPS, the cross-section areas per lipid and the headgroup distance are 65.3 Å^2^ and 38.4 Å at 303 K, respectively.^[@ref40]^ For POPE, they are 56.0 Å^2^ and 41.3 Å at 303 K, respectively.^[@ref41]^ For the bilayer construction, we closely follow previous β-sheet channel simulations.^[@ref16],[@ref35],[@ref42]^ For a given number of lipid molecules the optimal value of lateral cell dimensions can be determined. An anionic lipid bilayer composed of DOPS/POPE (mole ratio 1:2) containing a total of 420 lipids constitutes the unit cell with TIP3P waters added at both sides. The system contains Mg^2+^, K^+^, Ca^2+^, and Zn^2+^ at the same concentration of 25 mM to satisfy a total cation concentration near 100 mM. In our simulations, the Lennard--Jones parameters for these ions were taken from theoretical studies.^[@ref43]−[@ref45]^ The bilayer system containing an Aβ barrel, lipids, salts, and waters has almost 190 000 atoms.

We generated many different initial configurations for the relaxation process in order to obtain the best initial configuration toward a starting point. A series of minimizations was performed for the initial configurations to remove overlaps of the alkane chains in the lipids and to gradually relax the solvents around the Aβ barrel, which was held rigid. The initial configurations were gradually relaxed through dynamic cycles with electrostatic cutoffs (12 Å). In the subsequent pre-equilibrium stages, a series of dynamic cycles was performed with the harmonically restrained peptides in the channels, and then the harmonic restraints were gradually diminished until gone with the full Ewald electrostatics calculation. The entire pre-equilibration cycle took 5 ns to yield the starting point. A Nosé--Hoover thermostat/barostat was used to maintain a constant temperature of 303 K. Simulations for the pre-equilibrations and production runs were performed on the NPAT (constant number of atoms, pressure, surface area, and temperature) ensemble. Production runs of 120 ns for the starting points with the NAMD code^[@ref27]^ were performed on a Biowulf cluster at the NIH. Averages were taken after 20 ns, discarding initial transients. Analysis was performed with the CHARMM programming package.^[@ref24]^

Results {#sec3}
=======

Both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ Isomers Form Channel-Like Pores in the Bilayer {#sec3.1}
--------------------------------------------------------------------------------------------------

The [l]{.smallcaps}-Aβ channel activity was previously studied using planar lipid bilayers (PLBs).^[@ref6],[@ref11],[@ref21],[@ref46]^ We investigate whether the [d]{.smallcaps}-Aβ forms a conducting channel similar to its [l]{.smallcaps} mirror image. Figure [2](#fig2){ref-type="fig"} demonstrates that both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ show ion channel-like activity (Figure [2](#fig2){ref-type="fig"}A and [2](#fig2){ref-type="fig"}B). At concentrations in the range of 0.5--18 μM and constant voltage both isomers exhibit step-like current jumps typical of Aβ channels. In both cases, the current jump steps are heterogeneous, as previously reported for [l]{.smallcaps}-Aβ.^[@ref46]^ We confirm this behavior for [l]{.smallcaps}-Aβ and present it for [d]{.smallcaps}-Aβ (Figures [2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"} and [Supporting Information](#notes-2), Figure S2). The Aβ 'spiky' behavior is similar to that described for β-sheet-rich antimicrobial peptides (AMPs) such as protegrin-1 (PG-1).^[@ref23],[@ref47],[@ref48]^ Both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ peptides were sensitive to Zn^2+^ addition (Figure [2](#fig2){ref-type="fig"}C and [2](#fig2){ref-type="fig"}D), showing that this inhibition is achiral. Both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ showed linear current (*I*) vs voltage (*V*) plots (*IV* plots) in the ±80 mV range tested ([Supporting Information](#notes-2), Figure S3). Linear *IV* plots results were also observed using 50 and 150 mM KCl or electrolyte at pH 6.4 (data not shown). To investigate ion selectivity, both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ isomers were tested for their reversal potential in asymmetric KCl solutions where a 10-fold difference in KCl concentration was established across the two PLB compartments (experimental details in the [Materials and Methods](#sec2) section). The results are summarized in Figure S4 and Table S1 ([Supporting Information](#notes-2)). They show a range of reversal potentials, indicating a variety of conducting structural entities. The *P*~K^+^~/*P*~Cl^--^~ ratios indicate a modest to moderate cation selectivity preference with ratios ranging from a minimum recorded of a *P*~K^+^~/*P*~Cl^--^~ ratio of 1.44 to a maximum 6.35. These findings for both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ isomers are in agreement with the reported literature for [l]{.smallcaps}-Aβ.^[@ref6],[@ref11],[@ref21],[@ref46],[@ref49]^ Additionally, we tested whether the activity of [d]{.smallcaps}-Aβ might be affected by pH and found that at pH 6.4 both isomers retain the channel activity characteristics described for pH 7.4 ([Supporting Information](#notes-2), Figure S2).

![Both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ isomers form channel-like pores in painted bilayer membranes and are inhibited by addition of Zn^2+^. (A) Representative current vs time trace of [d]{.smallcaps}-Aβ~1--42~ isomer activity. (B) Representative current vs time trace of [l]{.smallcaps}-Aβ~1--42~ isomer activity. (C) Inhibition of [d]{.smallcaps}-Aβ~1--42~ activity by addition of Zn^2+^. (D) Inhibition of [l]{.smallcaps}-Aβ~1--42~ activity by Zn^2+^ addition. Time of Zn^2+^ addition (2 mM) is marked by tilted arrows on panels C and D. In panels C and D, the increased noise between the two vertical arrows shows when stirring begins and ends. The C letters on top of vertical lines show monitoring of bilayer capacitance during these recordings. Changes in the applied voltage are indicated by the voltage--time plot under the current traces. Final Aβ~1--42~ peptide concentrations were 9 (A), 8.5 (B), 5 (C), and 5 μM (D). Lipids and electrolyte solution are the same as in Figure [1](#fig1){ref-type="fig"}; either Aβ~1--42~ peptide was added to the cis (hot wire) side. All traces were subjected to low-pass Gaussian filtering set at 50 Hz.](ct-2011-00885r_0002){#fig2}

![Both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ isomers are membrane active in 'solvent-free' folded DOPS/DOPE bilayers. (A) Representative activity of [l]{.smallcaps}-Aβ~1--42~ in 'folded' membrane bilayers. (B) Representative activity of [d]{.smallcaps}-Aβ~1--42~ in equivalent bilayer membrane. Note that in this type of bilayer both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ isomers show predominantly short-lived spikes and bursts of activity with less frequent stepwise current jumps when compared to the painted bilayers shown in Figure [2](#fig2){ref-type="fig"}. Peptide concentrations in the bilayer chamber were 4.5 μM. As electrolyte we used 150 mM KCl, 1 mM MgCl~2~, 10 mM Hepes, pH 7.4. Both Aβ~1--42~ were added to the cis side. Trans side was the virtual ground. Both 30 s current traces are shown with the same scaling of *y* and *x* axes after low-pass Gaussian filtering with a cutoff frequency of 50 Hz. Both traces shown are at 70 mV.](ct-2011-00885r_0003){#fig3}

We also investigated the channel behavior of both Aβ isomers using 'solvent-free' folded membranes composed of DOPS/DOPE (1:1 w/w).^[@ref20],[@ref21]^ Figure [3](#fig3){ref-type="fig"} shows representative current versus time traces for both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ isomers. In folded bilayers, channel-like activity was observed in 41% (7/17) of the experiments with [l]{.smallcaps}-Aβ and in 36.3% (4/11) of the experiments with [d]{.smallcaps}-Aβ. The channel activity was generally short lived and appears mostly as spikes or spikes--bursts. Stepwise current jumps are present but appear with lesser frequency when compared to painted bilayers. In folded bilayers, however, the channel activity usually had lower current amplitudes for both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ isomers. In painted bilayers using 150 mM KCl channel activity was observed in 82% (9/11) of the experiments for [l]{.smallcaps}-Aβ and 87% (7/8) of the experiments for [d]{.smallcaps}-Aβ. These results demonstrate nearly identical Aβ~1--42~ channel behavior for both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ isomers in both types of bilayers.

We next examined whether a difference existed among [d]{.smallcaps}- and [l]{.smallcaps}-Aβ channel conductances in DOPS/POPE bilayers. Figure [4](#fig4){ref-type="fig"} shows the histogram distribution of [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ single-channel conductances. While for both peptides the histogram distribution illustrates a wide range of conductances, 65% of them are below 100 pS and 85% are between 5 and 200 pS (Figure [4](#fig4){ref-type="fig"}A and [4](#fig4){ref-type="fig"}B). Overall, no significant difference was observed in conductance values among the [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ (Figure [4](#fig4){ref-type="fig"}C). Additionally, the results in the figure show that Aβ binding to phosphatydyl-serine is electrostatic, since no difference was observed regardless of the chiral nature of [l]{.smallcaps}-Ser in the PS headgroup. The combined results show that the permeabilization activity of [d]{.smallcaps}-Aβ in anionic bilayers is indistinguishable from its natural [l]{.smallcaps} mirror image. We further tested whether [d]{.smallcaps}-Aβ behaves similarly to [l]{.smallcaps}-Aβ at atomistic resolution by simulating the [d]{.smallcaps}- and [l]{.smallcaps}-Aβ isomers.

![Histogram analysis of (A) [d]{.smallcaps}-Aβ~1--42~ and (B) [l]{.smallcaps}-Aβ~1--42~ conductances. Both histograms are binned at 5 pS. (C) Plot of both sets of conductances in log scale shows a similar trend with slight overrepresentation for [l]{.smallcaps}-Aβ~1--42~ around ∼50 pS conductances. Both sets of Aβ~1--42~ conductances can be sorted into three groups; the most frequent occurrence in the interval up to 100 pS has an average conductance of ∼52 ± 27 pS for [l]{.smallcaps}-Aβ~1--42~ and 42 ± 23 pS for [d]{.smallcaps}-Aβ~1--42~ and contains 65% of all samples. Second group of conductances in the range from ∼100 to 200 pS shows an average of 142 ± 29 pS for [l]{.smallcaps}-Aβ~1--42~ and 134 ± 28 pS for [d]{.smallcaps}-Aβ~1--42~. Third group shows sparse conductances above the 300 pS range. There is a continuum of conductances between 5 and 200 pS, with an 85% representation of the entire sample in this interval. Note that the wide distribution in pore conductance and their reduced frequency above a certain threshold are expected for the Aβ~1--42~ channel structures proposed in this study. Data sample size was 347 for [d]{.smallcaps}-Aβ~1--42~ and 345 for [l]{.smallcaps}-Aβ~1--42~. Data were collected in the ±80 mV range, where *IV* plots are linear. Experiments were performed using both peptides in the concentration range from 0.5 to 18 μM. Electrolyte used was 150 mM KCl, 1 mM MgCl~2~, and 10 mM Hepes pH 7.4. Bilayers were made with DOPS/POPE lipids dissolved in heptane.](ct-2011-00885r_0004){#fig4}

MD Simulations of [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ Barrels Support Ion Channel Features {#sec3.2}
-----------------------------------------------------------------------------------------------------

We modeled Aβ barrels with the β-sheet structure by mimicking naturally occurring β-barrels observed in transmembrane proteins that are found frequently in the outer membranes of bacteria, mitochondria, and chloroplasts. The β-barrel motif is a large β-sheet composed of an even number of β-strands. Some known structures of β-barrel membrane proteins have β-strands ranging from 8 to 22^[@ref33],[@ref34]^ and induce cytotoxicity.^[@ref50]^ While functional gated channels contain mostly α-helices, physiological toxic amyloid channels contain mostly β-sheets. A substantial body of evidence has already indicated that amyloid channels consist of the β-sheet structure.^[@ref46],[@ref51]^ More recently, it has been demonstrated that the presence of lipid bilayer membranes can also catalyze β-sheet formation.^[@ref52]−[@ref55]^ Recently, we reviewed the evidence which supports that amyloid channels consist of the β-sheet structure.^[@ref52]^

We performed 120 ns explicit MD simulations on [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ barrels embedded in an anionic lipid bilayer composed of DOPS/POPE (mole ratio 1:2). Both isomer barrels contain two Aβ conformers: with a turn at Ser26-Ile31 (conformer 1) and Asp23-Gly29 (conformer 2). Our conceptual design was inspired by an initial shape of the Aβ barrel with a perfect annular shape.^[@ref32]^ The initial annular conformation is gradually lost via relaxation of the lipid bilayer, and environmentally relaxed peptides can be observed after 30 ns ([Supporting Information](#notes-2), Figure S5). The membrane-embedded portions of the Aβ barrels reach equilibration after the initial transient state, while the extramembranous N-termini of the peptides are disordered. Snapshots representing the averaged barrel conformations clearly indicate the relaxed Aβ barrel conformations ([Supporting Information](#notes-2), Figure S6). In the relaxed Aβ barrels, the amino acids still retain their original chirality. Contour maps representing the high probability of backbone dihedral angles of phi (φ) and psi (ψ) clearly indicate the β-sheet secondary structure and asymmetric dihedral angle distributions between [d]{.smallcaps}- and [l]{.smallcaps}-amino acid chiralities ([Supporting Information](#notes-2), Figure S7). Secondary structure analysis indicates that our Aβ barrels preserve the β-sheet structure, especially in the pore-lining strands ([Supporting Information](#notes-2), Figure S8). These results are in agreement with our previous analyses of Aβ channel simulations that we carried out for Aβ~1--42~, Aβ~17--42~ (p3), and Aβ~9--42~ (N9) across a range of channel sizes.^[@ref16],[@ref19],[@ref32],[@ref35],[@ref42]^

Regardless of the [d]{.smallcaps}- and [l]{.smallcaps}-amino acid chirality, both Aβ conformers form barrels with the membrane-embedded β-strands (central domain of the peptides) lining the solvated pore and the C-terminal β stands interact with lipid tails, whereas the N-terminal portions are disordered and extramembranous. Recent structural modeling of Aβ~18--41~ dimer with the N-terminal Aβ~1--16~ binding sites in a membrane environment suggests that residues ∼21--29 and the N-terminal sites are exposed to solution while the C-terminal hydrophobic residues are involved in dimer--dimer interactions and buried in the lipid hydrophobic core.^[@ref56]^ In our model, residues ∼21--29 are involved in the central domain or turn and also exposed to solution. For convenience, we define the upper bilayer leaflet where the turn residues in the barrel are and the lower bilayer leaflet where both termini are located. The hydrophobic center of the lipid bilayer is located in the center of the pore axis *z*. In the conformer 1 Aβ barrel, the negatively charged Glu22 side chains (*z* = ∼4.3 Å) are located just above the bilayer center pointing toward the water pore, while the positively charged Lys16 side chains (*z* = ∼−13.0 Å) are located near the channel mouth in the lower bilayer leaflet. For the conformer 2 barrels, while the negatively charged Glu22 side chains (*z* = ∼12.4 Å) are located near the channel mouth in the upper bilayer leaflet, the positively charged Lys16 side chains (*z* = ∼−3.9 Å) are located just below the bilayer center. These different charge distributions in the pore reflect different turn motifs between the Aβ conformers. The charged side chains in the pore can serve as ionic binding sites, facilitating ionic permeation through the solvated pore. Figure [5](#fig5){ref-type="fig"} shows the two-dimensional (2D) potential of mean force (PMF) of ions for the [d]{.smallcaps}-Aβ~1--42~ barrels. The contour maps clearly indicate the populated cationic binding sites. In the calculation of the 2D PMF map, the barrels are translated into the bilayer center for each simulation time frame and the occupancy probabilities of salts at each grid point were calculated. Thus, any contour map plotted in the ranges −2 \< *z* \< 2 nm and −1.5 \< *x* \< 1.5 nm can be regarded as cations interacting with pore residues. The details of the PMF calculation are described in the [Supporting Information](#notes-2). In the conformer 1 [d]{.smallcaps}-Aβ barrel, cations can bind to the interaction sites, including the negatively charged side chains in the pore and negative polar residues in the extramembranous N-termini and even including the anionic DOPS headgroups. Compared to other cations, K^+^ is very mobile while Ca^2+^ binds to the interaction sites rather strongly, producing a relatively low free energy profile at these sites. Zn^2+^ provides a similar map as Mg^2+^ but binds to the interaction sites relatively more strongly than Mg^2+^. In the conformer 2 [d]{.smallcaps}-Aβ barrel, the cations behavior is similar except that, as indicated by the contour maps, the Glu22 binding sites are located closer to the upper bilayer leaflet. For [l]{.smallcaps}-Aβ barrels, 2D PMFs also provide similar binding sites for cations as seen for their [d]{.smallcaps} counterparts ([Supporting Information](#notes-2), Figure S9).

![Two-dimensional (2D) potential of mean force (PMF) representing the relative free energy profile for Mg^2+^, K^+^, Ca^2+^, and Zn^2+^ as a function of the position on the *x*--*z* plane for [d]{.smallcaps}-Aβ~1--42~ barrels (A) with conformer 1 (turn at Ser26-Ile31) and (B) conformer 2 (turn at Asp23-Gly29). In the 2D PMF map, dotted lines at *z* = ∼2 nm indicate the upper bilayer leaflet while at *z* = ∼−2 nm denote the lower bilayer leaflet. Right column shows the three-dimensional density map of Mg^2+^ (green mesh), K^+^ (red mesh), Ca^2+^ (blue mesh), and Zn^2+^ (cyan mesh) for the [d]{.smallcaps}-Aβ~1--42~ barrels in the top and lateral views. Averaged channel structure is shown as the ribbon and transparent surface representations in gray. Density map indicates populated interaction sites for the cations, each with the same probability of 0.01.](ct-2011-00885r_0005){#fig5}

The Aβ barrel pore is wide enough for multiple ions to enter and exit at the same time. The calculated pore diameters by the HOLE program^[@ref57]^ are ∼1.9 and ∼2.1 nm for conformer 1 and 2 [d]{.smallcaps}-Aβ barrels and ∼2.2 and ∼2.0 nm for conformer 1 and 2 [l]{.smallcaps}-Aβ barrels, respectively. We observed that few ions cross through the water pore, but most ions spend time at the binding sites and are frequently near the channel mouth during the simulation. To observe ion fluctuation across the pore, we calculated the change in total charge in the pore as a function of the simulation time ([Supporting Information](#notes-2), Figure S10). Four different pore lengths with different cutoffs along the pore axis were used in the calculation. For [d]{.smallcaps}-Aβ barrels, the fluctuations of the total charge change in the pore increase as the pore length cutoff increases. The degree of charge fluctuations can be defined as the standard deviations of the averaged changes in the total charge in the pore. For the conformer 1 [d]{.smallcaps}-Aβ barrel, the standard deviations of the changes in total charge are ±7.96, ±11.35, ±19.18, and ±25.55 C/ns with pore length cutoffs along the pore axis, \|*z*\| \< 1.0, 1.5, 1.8, and 2.0 nm, respectively. For the conformer 2 [d]{.smallcaps}-Aβ barrel, these are ±5.43, ±11.43, ±19.92, and ±27.29 C/ns. We also observed similar fluctuations in the total charges in the [l]{.smallcaps}-Aβ barrel pores. Note that with the larger pore length cutoff \|*z*\| \< 2 nm the charge fluctuations may involve contributions of ions interacting with lipid headgroups, since the thickness of the anionic bilayer is ∼40.3 Å.

For the equilibrium all-atom MD simulations in the absence of membrane potentials the maximum conductance, *g*~max~,^[@ref58]^ representing ion transport can be described aswhere *e* is the elementary charge, *k*~B~ denotes the Boltzmann's constant, *T* is the simulation temperature, and *L* represents the pore length. In brackets, *D*(*z*) and *G*~PMF~(*z*) denote the one-dimensional diffusion coefficient and the one-dimensional potential of mean force for ions, respectively. The bracket averages over the pore length *L* (38 Å). Using eq [1](#eq1){ref-type="disp-formula"}, for Mg^2+^, K^+^, Ca^2+^, and Zn^2+^ the maximum conductances are 350, 230, 87, and 170 pS and 82, 200, 53, and 100 pS in the pores of conformer 1 and 2 [d]{.smallcaps}-Aβ barrels, respectively. In the [l]{.smallcaps}-Aβ barrel pores they are 280, 290, 130, and 210 pS and 150, 130, 76, and 100 pS for Mg^2+^, K^+^, Ca^2+^, and Zn^2+^, respectively. The theoretical value of the maximal conductance only provides a rough estimate of the conductance, because it neglects the effect of multiple ion occupancy at high concentration.^[@ref58]^ Nevertheless, our estimated values of the single-channel conductance are approximately in the range of the experimental values.

Water is an important carrier for ion permeation through the pore. For [d]{.smallcaps}-Aβ barrels, Figure [6](#fig6){ref-type="fig"} shows the 2D PMF of water on the three-dimensional mesh graph. It is clear from the figure that the hydrophobic core of the lipid bilayer provides high barriers for water on the PMF surface. In the pore, however, the Aβ barrels provide a low free energy profile for water, indicating that water can move freely through the center of the pore. The behavior of water in the pore is similar to bulk water, suggesting that water is a good carrier to deliver ions across the pore. No difference is found in the [l]{.smallcaps}-Aβ barrels ([Supporting Information](#notes-2), Figure S11), illustrating that both Aβ isomers form channel-like structures and exhibit channel-like activity.

![Two-dimensional potential of mean force (PMF) representing the relative free energy profile for water plotted as a three-dimensional mesh graph as a function of the position on the *x*--*z* plane for (A) conformer 1 and (B) conformer 2 [d]{.smallcaps}-Aβ~1--42~ barrels.](ct-2011-00885r_0006){#fig6}

Discussion {#sec4}
==========

Lipid--peptide interactions are complex and key to amyloid structures.^[@ref59]−[@ref62]^ Here we show that the [d]{.smallcaps} enantiomer of Aβ~1--42~ composed entirely from mirror image [d]{.smallcaps}-amino acids, spontaneously forms channels in model bilayers, with characteristics indistinguishable from those of [l]{.smallcaps}-amino acids Aβ~1--42~ (Figure [2](#fig2){ref-type="fig"}A and [2](#fig2){ref-type="fig"}B). Both peptides form channel-like structures over a range of concentrations, show linear current vs voltage relationships ([Supporting Information](#notes-2), Figure S3), and have a broad distribution of channel conductances (Figure [4](#fig4){ref-type="fig"}). Both Aβ isomers show similar lipid preferences and are inhibited by Zn^2+^ (Figure [2](#fig2){ref-type="fig"}C and [2](#fig2){ref-type="fig"}D). For both [l]{.smallcaps}- and [d]{.smallcaps}-peptides, we observed that ∼85% of the recorded conductances fall below 200 pS with the remaining higher conductances appearing less frequently (Figure [4](#fig4){ref-type="fig"}). Both appear to bind and insert equally in bilayers made with 50% DOPS, indicating a purely electrostatic interaction with the [l]{.smallcaps}-Ser in the PS headgroup, in agreement with [l]{.smallcaps}-Aβ activity in bilayers containing PG, another anionic lipid.^[@ref46]^ Channel activity for both [d]{.smallcaps}- and [l]{.smallcaps}-Aβ isomers is short lived when using folded membranes (Figure [3](#fig3){ref-type="fig"}), which may suggest a role for membrane fluidity in peptide and oligomer membrane insertion and stability of the channel ensembles in these thinner^[@ref63]^ and more fluid bilayers.^[@ref64]^ Gafni and co-workers showed an Aβ role for bilayer permeation and fluidity.^[@ref65]^ Reversal potential experiments showed cation selectivity with variable *P*~K^+^~/*P*~Cl^--^~ ratios ([Supporting Information](#notes-2), Figure S4). Unlike more stable and well-defined β barrel structures like α-hemolysin,^[@ref66],[@ref67]^ the Aβ results further suggest structural pore models where Aβ can assemble into various conducting and dynamic structures and where cation selectivity could depend on the arrangement of Aβ monomers in the channel and on the number of subunits. Lipid headgroups are also likely to be involved in the evolution of the channel pore.

MD simulations also show that [d]{.smallcaps}-Aβ~1--42~ forms ion-conducting channels in an anionic lipid bilayer composed of DOPS/POPE. In the simulations, the [d]{.smallcaps}-Aβ barrels modeled with two different conformers (conformer 1 with turn at Ser26-Ile31 and conformer 2 with turn at Asp23-Gly29) preserve the solvated pore, wide enough for ions and water to cross through.^[@ref19]^ The pores enclose the cationic binding sites, providing low free energy profiles for cations, hence supporting ion-permeable Aβ channels. The behavior of [d]{.smallcaps}-Aβ barrels is almost identical to the [l]{.smallcaps}-Aβ barrels, even though constituted by peptides with different backbone chiralities. In our previous simulations of the truncated Aβ channels (p3 (Aβ~17--42~) and N9 (Aβ~9--42~) channels),^[@ref14]−[@ref16],[@ref32],[@ref35],[@ref42]^ the channels similarly presented strong attraction for cations in the solvated pore. This suggests that the U-shaped C-terminal domain of Aβ~1--42~ is indeed the membrane-embedded portion which is responsible for channel formation and conductance. Missing the N-terminal portion of Aβ~1--42~, the truncated Aβ channels are still conducting, strongly suggesting that the polar/charged N-termini could be extramembranous.

The [d]{.smallcaps}-enantiomer of Aβ~1--40~ and Aβ~1--42~ peptides has been previously studied and shown to have biophysical properties such as fibril formation, CD spectra, and aggregation similar to their [l]{.smallcaps} mirror images;^[@ref68]−[@ref71]^ however, differences in the rate of aggregation when using Thioflavin-T fluorescence^[@ref68]^ and Aβ~1--42~ fiber chirality^[@ref70]^ were reported. Functional and structural similarities between Aβ and AMPs have been noticed earlier. Recently, it was proposed that Aβ is an AMP^[@ref72]^ and that β-rich AMP can be amyloidogenic.^[@ref73]^ AFM imaging, MD simulations, and functional assays such as PLB recordings and fluorescence imaging^[@ref10]^ suggest that Aβ is capable of forming channel-like structures in cells. However, they cannot quantify this effect or exclude the possibility that Aβ might act via other mechanisms. Studies on the mechanism of AMPs faced similar difficulties, which were addressed using AMPs composed of [d]{.smallcaps}-amino acids. For several AMPs, there are no chiral receptors and the cell membrane is the sole target.^[@ref47],[@ref74],[@ref75]^ The results presented here suggest that cellular studies might be able to evaluate the relative contribution of Aβ channel-mediated versus receptor-mediated toxicities. Differences, if present, can be attributed to stereospecific mechanisms. However, studies using [d]{.smallcaps}-Aβ~1--42~ to test cellular toxicity reported conflicting results.^[@ref70],[@ref71]^ The earlier study by Cribbs et al. showed similar toxicity for both Aβ~1--42~ isomers,^[@ref71]^ while a more recent study by Cioccotosto et al. showed lack of cell toxicity for the [d]{.smallcaps}-Aβ isomer.^[@ref70]^ Aβ cellular toxicity could be cell-type dependent as shown for some AMPs;^[@ref47],[@ref76]−[@ref78]^ alternatively, differences could also relate to sample preparation and experimental approaches.

To summarize, using planar lipid bilayers and MD simulations we show that the [d]{.smallcaps}-Aβ~1--42~ forms channel-like structures with behavior indistinguishable from the naturally occurring [l]{.smallcaps}-Aβ~1--42~. The combined results support the view that excessive Aβ in the brain can be neurotoxic via direct membrane permeation with a mechanism consistent with channel formation, as compared to stereospecific receptor binding.

Details of PMF calculations; monomer conformations and initial Aβ barrel structures of MD simulations; additional [d]{.smallcaps}- and [l]{.smallcaps}-Aβ~1--42~ current traces at pH 6.4; *IV* plots showing linear relationship in current vs voltage reversal potential experiments; peptide rmsd and averaged peptide interaction energy with DOPS and POPE lipids as a function of time; snapshots representing averaged barrel conformations; backbone dihedral angle distributions; secondary structure for Aβ barrels and 2D PMF for ions for [l]{.smallcaps}-Aβ~1--42~ barrels; change in total charge in the pore as a function of the simulation time; 2D PMF for water for [l]{.smallcaps}-Aβ~1--42~ barrels; reversal potential permeability ratios and conductance values. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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